Introduction
Ferroelectrics and ferromagnets are of great technological importance and their properties are intimately determined by their structure and the dynamics at the atomic and molecular levels [1] [2] [3] . In multiferroic materials both electric and magnetic orders coexist and can interact [4] , despite the fact that the well accepted mechanisms of electric and magnetic orderings have been regarded in the past as mutually exclusive [5] . Some multiferroics combine new types of ferroelectricity, as for instance in geometrical ferroelectrics (where electric polarisation arises as a consequence of atom shifts and structural distortions) together with magnetism [6, 7] .
Despite a recent resurgence of interest in geometric ferroelectrics, our understanding of the molecular dynamics in such ferroelectrics remains limited [8] . In particular, the influence of geometric distortions on the lattice dynamics deserve further experimental attention as these are often related to the cation displacement responsible for electric polarisation [9] . One of the most intensely discussed problems is coupling between magnetism and lattice dynamics [10] ; in this investigation magnetic ions are present as both diluted dopants and as ions responsible for magnetic ordering in the sample. An improved understanding of molecular dynamics is also crucial in order to understand the stability of the polarisation and magnetisation in multiferroics with geometric feroelectricity, which potentially could result in greater macroscopic control of both magnetic and electric orders being achieved in these systems [11] .
Ferroelectric, optical and multiferroic properties of geometric fluorides have been studied and characterized in detail previously [12] [13] [14] [15] [16] [17] . This study focuses on the diamagnetic members of the 4 and BaNiF 4 , and to allowed other studies to be facilitated [18, 19] . For three members of the BaMF 4 family, namely BaMnF 4 BaCoF 4 and BaNiF 4 , multiferroic properties were reported and are now widely accepted [13] [14] [15] . The molecular dynamics of geometric fluorites have also attracted attention, but most studies are limited to understanding the origin of spontaneous polarisation and the paraelectric -ferroelectric phase transition, which occurs around 100 K above the melting point (in the range of 990 to 1240 K, respectively for BaFeF 4 to BaNiF 4 ) [20, 21] . The low temperature studies have been predominantly focused on magnetic properties of BaMnF 4 and BaNiF 4 [12, 15, 22, 23] . The incommensurate -commensurate phase transition, which occurs at 250 K has been observed and accepted only in BaMnF 4 [12, 24] . Only recently, low temperature dynamics in BaZnF 4 and BaMn 1−x Zn x F 4 have been studied and analysed in more detail [25] [26] [27] [28] .
Magnetic resonance techniques have been quite rarely used to study these fluorides despite the possibility of providing information on the temperature changes in the crystal field induced by the lattice dynamics [12, 29] . Solid-state 19 F NMR was used to provide a reference for quantum mechanical calculation of the chemical shifts in fluorides [30] , whereas EPR studies have been focused on characterisation of properties and the coordination sphere of paramagnetic ions in the lattice [31, 32] . Only one study uses paramagnetic Mn 2+ as a probe doped in a BaMgF 4 matrix [33] .
The directions of the Zero Field Splitting (ZFS) tensor, evaluated at a few temperatures, were used to define and to monitor an order parameter for the paraelectric -ferroelectric phase transition and to estimate the Curie temperature [33] , however low temperature molecular dynamics and the direct dependence of ZFS on temperature were not explored [33] .
Raman experiments were also mostly focused on the ferroelectric -paraelectric phase transition [12, 34] and the incommensurate -commensurate phase transition in BaMnF 4 [24] . Detailed data over a wide range of temperatures have been published only for BaZnF 4 and there are reports of anomalous behaviour for some particular modes at 300 K [25] . Such behaviour was interpreted as dynamic order -disorder changes, while a phase transition does not occur [25] [26] [27] . This hypothesis has attracted some attention and studies of BaMn 1−x Zn x F 4 (0 < x < 0.25) soon followed, but without providing a definitive model [28] .
The motivation of this work is to extend our knowledge and understanding of the lattice dynamics in geometric ferroelectrics using a variable temperature approach for a suite of different experimental methods. Solid-state Nuclear Magnetic Resonance (solid-state NMR) and Electron Paramagnetic Resonance (EPR) provide local nuclear and electronic probes of the lattice in different microenvironments of each system, while Raman scattering captures the characteristic of local correlations of phonons. The choice of these techniques is justified by their past successful application for studying molecular dynamics and phase transitions in a variety of inorganic materials [35] [36] [37] .
They also provide the possibility to study a comprehensive set of materials including diamagnetic (NMR), magnetically diluted (EPR) and magnetic samples (Raman) [38] [39] [40] . This study re-examines data from BaZnF 4 (NMR and Raman) and extends the study to BaZn This paper reports experimental data that favours a discontinuous change in structural distortion of fluoride octahedra based on observed temperature changes in the Zero Field Splitting parameters |D| and |E| extracted from EPR spectra. These changes are supported by discontinuities in the temperature dependence of the isotropic chemical shift iso in variable temperature solid-state magic angle spinning (MAS) NMR spectra and by observed changes in frequencies and linewidths of some high frequency bands in the Raman spectra. This geometrical change is expected to play an important role in modifying lattice dynamics as an initial step in the creation of dynamic order in the structure. A Bruker static-NMR probe with 10 mm diameter coil was used with a flow of nitrogen gas to cool the sample. Spectra were acquired with a pulse sequence θ /2 -τ -θ -τ 1 -(FID acqusition) [42, 43] . A non-selective π/2 pulse widths of 15 μs ( Mg B 1 /2 = 16.7 kHz) was calibrated using solid MgO and used to calculate selective "solid" pulses, with = 4 μs and = 8 μs used for experiments at both temperatures. The echo delay was 50 μs. 8000 FID transients were averaged at 292 K with 20 s relaxation delays and 80 were averaged at 150 K with 120 s delays. The spectra were referenced using the 25 Mg resonance at 26 ppm for soild MgO at 292 K.
Experimental procedures

Synthesis and structure
All solid-state MAS NMR spectra were simulated using the free-distribution simulation program SIMPSON [44] . Quantum mechanical calculations of chemical shifts and chemical shift anisotropies have been carried out using plane-wave basis sets and periodic boundary conditions based on experimental XRD data (CASTEP, [45] ). The calculated values of chemical shielding were referenced (uniformly shifted), to fit the best experimental results.
Electron Paramagnetic Resonance (EPR)
The variable temperature continuous wave Electron Paramagnetic Resonance (EPR) experiments were performed using a Bruker EMX spectrometer consisting of an electromagnet and X-band (9.450 GHz) microwave bridge ER 041XG with Bruker ER4105D double rectangular resonator. A heliumgas flow cryostat was used and the temperature was varied in the range 5 to 300 K (±1 K) by an
Oxford Instruments auto-tuning temperature controller ITC503. Control experiments were carried out with a Bruker ER 4102ST rectangular resonator with a nitrogen-gas flow cryostat in the temperature range 120 to 360 K monitored by an Oxford Instruments auto-tuning temperature controller. High temperature experiments in the range 300 to 670 K were performed using a modified Bruker hightemperature cavity and nitrogen-gas flow system. The Q-band (32.28 GHz) EPR spectra were recorded using a Bruker ELEXYS spectrometer and SuperQ-FT microwave bridge in conjunction with a Bruker Q-band EN517D2 resonator. All spectra were recorded with 100 kHz modulation frequency and modulation amplitudes in the range 0.1 to 0.3 mT, with the exception of hightemperature measurements where the maximum available modulation amplitude of 0.02 mT was applied. A typical microwave power of 1.00 mW was used at which no saturation effects were observed. All EPR spectra were simulated using the EASYSPIN simulation package [46] .
Raman spectroscopy
Raman spectra were recorded in a back-scattering geometry using a LabRam Jobin -Yvon spectrometer with spectral resolution of about 0.2 cm −1 and a Rayleigh scattering cut-off at 80 cm
with Notch filter. The laser beam of an Ar + ion laser of 488 nm was focused to a 1 µm 2 spot through a times 50 long focal objective. All experiments were performed with a typical incident power of 4 to 8 mW, after verification that this power level does not incur sample damage. Temperature-dependent measurements were carried out on selected good-quality fluoride crystals by using a commercial
Linkam cooling/heating stage and were conducted upon heating with a typically slow rate of 10 K / min. The deconvolution of the Raman spectra was performed using the LabSpec software.
Results and discussion
The microstructure of BaMF 4 figure 1 . Ba 2+ ions are located in the cavities between octahedra (figure 1). The metal -fluorine distances range from 2.60 to 3.00 Å for (Ba 2+ -F − ) and from 1.93 to 2.07 Å for (M 2+ -F − ) [18, 19] . 
19 F and 25 Mg Nuclear Magnetic Resonance (NMR)
The room temperature 19 consists of four peaks which can be attributed to the four inequivalent fluorine nuclei in the unit cell (see figure 1 ). The upfield 19 F shifts (producing negative δ iso values) reflect a significant presence of electron density on each fluorine atom thus corresponding to the highly ionic character of these systems [47] .
GIPAW DFT calculations of the 19 F isotropic chemical shifts using the CASTEP code [45] (see Table 1 F measurements [48] , with the shifts here being reported with higher precision as a result of the higher field and faster spinning applied.
The relative differences in iso between BaZnF 4 and BaMgF 4 are a consequence of the more electronegative character of Mg 2+ compared to Zn 2+ , which then produces the more ionic character of BaMgF 4 , and the difference in ionic radius between Mg 2+ (r = 0.66 Å) and Zn 2+ (r = 0.74 Å), which is in turn related to the more distorted octahedra in BaZnF 4 at room temperature.
Figure 2.
19 F solid-state MAS NMR spectra of BaZnF 4 (a) and BaMgF 4 (b) recorded at room temperature with observed peaks attributed to different fluorine nuclei in the unit cell (for their relation to the structure see figure 1 ). Asterisk denotes impurity; all other unnumbered peaks are spinning side bands. 25 Mg NMR spectra of BaMgF 4 (c) recorded at 292 K and 150 K with their simulations (dashed lines). probe (see figure 3) . However, application of the special procedure (described in details in Supplemental Material SM.1, figure SM1 ) allowed unambiguous identification and monitoring iso with good precision (± 2ppm) as function of temperature.
At each temperature point, all independent iso (for each fluorine in unit cell), were found from the spectral simulation using SIMPSON [43] . For further analysis the differences in chemical The origin of this discontinuity lays in the discontinuous change of the fluorine coordination sphere, which is directly related to the change of the octahedra geometry. The largest discontinuities observed for iso 21 and iso 23 ( figure 3(b) ), indicate that geometrical rearrangement takes place in the plane formed by F(1), F(2) and F (3) No significant changes in spectral parameters have been observed between 292 and 150 K ( figure 2(c) ), despite the potential of 25 Mg to be a very sensitive probe of the local environment through the changes in quadrupolar interaction [51] . However, such "insensitivity" cannot provide definitive evidence of the high structural stability because the observed broad line spectrum could mask very subtle changes in 25 Mg coordination. Additionally, only more detailed and systematic studies over a significantly broader range of temperatures can bring definitive confirmation of such "insensitivity". 
Electron Paramagnetic Resonance (EPR)
The X-band (9.450 GHz) EPR spectra of paramagnetic Mn 2+ (S = 5 The g factor and hyperfine interaction A Mn iso depend very weakly on temperature and change in the range of experimental errors.
Raman scattering
Depolarized Raman spectra recorded at room temperature for all investigated samples are presented in figure 6 . [25, 33, 54] . In our experiments the total number of observed bands for all investigated materials does not exceed 13, a situation which is not unusual considering band overlap, low intensity bands and our spectral cut-off at 80 cm The observed phonon spectrum is a spectral signature of the structure of the studied fluorides and it is expected that the room temperature Raman spectra will have a similar pattern of bands for all members of the family, as well as for samples modified by doping, in agreement with our observation [34] Such a consistent trend for phonon frequencies in the doped samples is related to the level of structural distortion (which is induced by a large ionic radius) rather than the difference in the mass of the dopant as observed previously in [28] . This model is also consistent with our observation, that figure 7(a) ) and ~ 425 cm −1 (labelled B in figure 7 (a)) which remain isolated over the whole temperature range. Such Raman bands at high-frequencies are considered as particularly sensitive to small structural changes [28] .
The temperature evolution of the single-line bands A and B is presented in figure 7 , by comparing the evolution in positions (figure 7(b) and (c)), integrated intensity ratios (figure 7(b") and (c")) and linewidths (figure 7(b"") and (c"")). As seen from figure 7, the spectral changes are very subtle and indicate that no major structural transition takes place. Nevertheless, we note slight anomalies at around 310 K which might indicate a local and subtle structural rearrangement related to changes in molecular dynamics. It is necessary to stress that, those anomalies occur at the temperature range for which we earlier observed changes in ZFS parameters. Earlier papers [25] [26] [27] [28] also report spectral changes at approximately 170 K for low frequency bands in the BaZnF 4 spectrum, but the very subtle changes in our spectra at the same temperature are not evidence of themselves for any structural change. As well as similarities in both bands patterns and temperature behaviour, the Raman spectra of all three materials evolve continuously without drastic spectral changes, which would indicate a structural phase transition. Nevertheless, it has been shown in the past, that more detailed analysis of the spectra in terms of monitoring position, intensity and linewidth of different bands is useful for identifying more subtle structural rearrangements [55] . Taking this into consideration, the temperature-evolution of the spectral characteristic for selected bands of all three materials is 
Analysis and discussion of molecular dynamics in fluorides
To analyse in detail the variable temperature data obtained in this study it is necessary to recall the conclusion that in fluorides their unique structure shapes their molecular dynamics and ferroelectric properties [18, 20, 41] . Our multi-technique study provides information that can help to clarify and bring better understanding of the molecular dynamics of studied fluorides. However, it is necessary to stress that observed effects are very subtle, which reflects the high level of structural order in these materials and high sensitivity and resolution of the experimental techniques which only recently have been reached [35] [36] [37] [38] [39] [40] . Despite the subtle character of the observations, their consistency across multiple experimental techniques and various samples of BaMF 4 materials provides strong evidence in favour of the proposed changes in the structure.
The structure of BaMF 4 in the hypothetical paraelectric phase consists of corner-sharing fluoride octahedra, which form sheets perpendicular to b direction ( figure 11(a) ) [18, 20, 41] . The M-F-M chains are linear both along c and b directions ( figure 11(a) ) [18, 20, 41] . In the paraelectric phase, octahedra do not have a highly symmetric regular shape but are trapezoidal as assumed in a realistic model of close packing ( figure 11(a) ) [20] . The transition from paraelectric to ferroelectric phase involves rotation and distortion of octahedra from their initial configuration and is accompanied by shifts of Ba 2+ and M 2+ ions as shown schematically in figure 11 (b) [20] . Such behaviour, continues as the temperature is lowered resulting in a more compact arrangements of ions and a gain of energy by the crystalline lattice ( figure 11(b) ) [20] .
The paraelectric phase in BaMF 4 materials has never been observed directly since the Curie point is above the melting temperature [16] . However, the paraelectric -ferroelectric transition and its mechanism have been strongly evidenced by both experimental and theoretical studies [16, 20, 21, 24] . There is also strong experimental evidence of the existence of the "soft" Raman bands which disappear at the Curie point [24, 34] . Previously published EPR data also predicts the phase transition from the rotation patter of the main axis of the ZFS tensor [33] .
During further cooling short-range interactions between ions (close packing) will slow down and finally prevent continuous rotation and continuous geometrical distortion of octahedra by "locking" their movement in the cb plane ( figure 11(d) ). The "locking" point will strongly depend on the size of the ion occupying the centre of octahedra because it determines the initial level of distortion at a given temperature. Now, to reduce further the crystal energy, octahedra have to tilt around a new axis perpendicular to the a direction ( figure 11(d) ). As such a change of rotation is not coherent over the whole sample, it initially induces disorder (dynamic clusters of librating octahedra) rather than a phase transition [25] [26] [27] [28] 34] . For high level of initial distortion, as observed only in BaMnF 4 , a further decrease of temperature leads to the coherent rotation and the incommensuratecommensurate phase transition at 250 K [24] .
Our data reflect the above consideration. The temperature dependence of the ZFS parameter |D| (figure 5(a) and (b)) is strongly dependent on molecular dynamics of the lattice because both thermal expansion and phonon contributions are present and approximately equally important [29, 53] . The assumption is justified in the case of geometric ferroelectric fluorides because both thermal expansion and dynamics of phonons are strongly related to the unique structure and its dynamic manifested in rotation and continuous distortion of octahedra.
In such a case, an increase of |D| when reducing the temperature from 700 K to room temperature (figure 5(a) and (b)) can be related to the rotation of the octahedra around an a axis and associated with it continuous small changes in the geometry ( figure 11 ). This is supported by the corresponding decrease of |E| (figure 5(a") and (b")), which implies that a more axial symmetry is prevalent at lower temperatures [56] . This continuous behaviour of |D| and |E| likely corresponds to the observed temperature dependency of the phonon frequency (figures 7, 8, 9, 10).
At ~ 300 K for BaZnF 4 and 240 K for BaMgF 4 a change in the temperature dependencies of |D| and |E| are observed ( figure 5 ). The most likely mechanism of those changes is the discontinuous distortion of the geometry of the octahedra which originates in its rotation around a new direction ( figure 11(c) ). Additionally, below ~ 300 and ~ 240 K (for BaZnF 4 and BaMgF 4 respectively), the shape of the temperature dependencies of |D| and |E| will change. This change is due to the temperature dependence of the ZFS mechanism being more strongly dependent on the couplings with phonons rather than thermal expansion, which at lower temperatures is expected to be less efficient than at high temperatures [29, 53] .
The discontinuous distortion mechanism is further supported by our We believe that the observed change in the geometry opens the way for the octahedra to rotate around a different, more favourable direction and as a result it could be a precursor of some form of ordering. Rotation about the a axis still takes place, but with significantly less effect on the geometry of the octahedra and finally stops, reaching a "locking" point. Our suggested hypothesis is in agreement with an idea of the formation of the dynamic clusters as the precursors of the instability which lead to doubling of the unit cell dimension along the a axis and a commensurateincommensurate phase transition [25] [26] [27] [28] . Such a phase transition is not observed in BaMgF 4 and BaZnF 4 because the level of lattice distortion is insufficient to force long-range ordering in the ac planes even at cryogenic temperatures. Only for BaMnF 4 , where structural distortion is highest, in the family, can this mechanism lead to the well documented phase transition [24] .
Conclusions
In these studies, we applied successfully magnetic resonance techniques (NMR and EPR) and Raman scattering to elucidate in detail local nuclear and electronic structures as well as low temperature changes in molecular dynamics of selected geometric ferroelectric fluorides. coordination. The observed high resolution of NMR, EPR and phonon spectra are consistent with the highly ordered crystallographic structure.
The most important result is the discovery of the discontinuous change in the structural distortion of the fluoride octahedra, which occurs at ~ 300 K for BaZnF 4 and ~ 240 K for BaMgF 4 .
This distortion opens the way for the octahedra to rotate around a new axis approximately perpendicular to that related to the paraelectric -ferroelectric phase transition. The temperature at which this change occurs depends on the ionic radius of the central M 2+ ion of the fluorine octahedra.
The detection and analysis of these very subtle changes was only possible thanks to application of different complementary experimental techniques. Combined analysis of the temperature changes in the Zero Field Splitting parameters |D| and |E|, observed discontinuities in the temperature dependence of isotropic chemical shift and anomalies in the frequencies and linewidths of some high frequency Raman bands suggest that this geometrical change plays an important role in modifying the lattice dynamics as an initial step in the creation of dynamic order in the structure.
